Chlamydomonas reinhardii
Introduction
Assimilatory N A D (P)H -nitrate reductase (EC 1.6.6.2) of C. reinhardii is an enzyme complex which, like that o f other eukaryotes, consists of two partial activities which can be separately assayed: 1) a diaphorase or NAD(P)H-cytochrome c re ductase, and 2 ) a terminal or reduced flavin or viologen-nitrate reductase [1] [2] [3] .
M utant strains o f C. reinhardii only possessing one of the two partial activities of the complex have been recently isolated and characterized [4] [5] [6] [7] [8] [9] [10] [11] . Two of these m utants, 104 and 305, which have solely NAD(P)H-cytochrome c reductase and term i nal nitrate reductase, respectively, are specially interesting due to their ability to reconstitute the entire N A D (P)H -nitrate reductase complex by in vitro com plem entation [7] . The existing data on molecular and kinetic characteristics of m utant 104 as well as on the complem entation system [6 , 7] , together with the existence of m utant 301 with dia phorase activity and molybdenum cofactor [1 0 ], sug gest for the enzyme complex of C. reinhardii a quaternary structure very different from that de scribed for the fungal nitrate reductase [1 2 ], Nitrate reductase m utants with solely terminal nitrate reductase activity have been reported in fungi [12] [13] [14] , algae [4, 15, 16] and higher plants [17, 18] , although only in the case of m utant nit-3 of Neurospora crassa the enzyme has been adequately purified and characterized [19] .
In this work, the biochemical characterization of purified nitrate reductase from m utant 305 of C. reinhardii is presented and its properties are dicussed in comparison with those of the terminal nitrate reductase of its parental wild strain 6145 c. The 305 enzyme activity is associated with a protein of lower molecular weight which lacks diaphorase activity, has enzymatic and kinetic properties very close to those of the native complex and contains molybdenum and cytochrome 6 5 5 7 , thus probably possessing altered residues of diaphorase protein.
Experimental

Chemicals
Blue-Agarose, Blue-Sepharose, Coomassie Bril liant Blue G-250, D TE*, FAD, FM N and /?-HMB were purchased from Sigma (St. Louis, Mo., USA), NADH, NADPH and cytochrome c were obtained from Boehringer (M annheim, F R G ), BV and MV were from Serva (Heidelberg, F R G ), and DEAESephadex and Sephadex G-25 from Pharm acia (Uppsala, Sweden). All other chemicals were o f the highest quality available.
Growth conditions and preparation o f extracts C. reinhardii m utant 305 [4] and its parental strain 6145 c were cultured with am m onia and derepressed with nitrate under conditions previously reported [7] , Cell-free extracts were prepared by freezing and thawing as described [9] .
Enzyme purification
Nitrate reductase from either m utant 305 or 6145 c was purified by a procedure which included the following steps: 1. 2% protam ine sulfate, pH 7.0, was added dropwise to cell-free extracts (1 m l/ 25 mg protein) and gently stirred during 15 min. Then the suspension was spun down at 27.000 x g, 10 min, and the resulting pellet dissolved with 0.2 m potassium phosphate buffer, pH 7.0, 0.1 mM DTE, 0.1 mM EDTA. 2. The enzyme solution was m ade 25 mM potassium phosphate, pH 7.0, 0.1m NaCl, and applied to a DEAE-Sephadex A-50 column (2 x 20 cm) equilibrated with 50 mM Tris-HCl buffer, pH 7.5, 0.1 m NaCl, 0.1 mM DTE, 0.1 mM EDTA, and the enzyme eluted with the same buffer but 0.25 M in NaCl. 3. Fractions containing nitrate reductase were pooled and saturated with am m o nium sulfate up to 55%, the suspension was centri fuged at 27.000 x g, 10 min, and the pellet dissolved in 10 mM potassium phosphate buffer, pH 7.0, 0.1 mM DTE and 0.1 mM EDTA. 4. After desalting by passage through a Sephadex G-25 column, the enzyme solution was applied to a Bio-Gel HTP column (2x 10 cm) equilibrated with the buffer of step 3. The enzyme was eluted with a linear gra dient of potassium phosphate buffer (0.01-0 .4 m), pH 7.0, at 0.1 M phosphate. 5. Fractions with nitrate reductase were concentrated and treated as in step 3, and the resulting solution was used as source of purified enzyme.
Enzyme assays
Nitrate reductase was determ ined by measuring the nitrite formed from nitrate with chemically reduced flavins or viologens as electron donors [20] . Alcohol dehydrogenase was measured by following the increase in absorbance at 340 nm of NADH formed by ethanol oxidation [21] , and catalase by measuring the absorbance decrease at 240 nm due to H20 2 decomposition [22] , Ovalbum in was esti mated by measuring the absorbance at 280 nm.
Spectrophotometric determinations and absorp tion spectra were obtained in a PYE-UNICAM SP-8-100 recording spectrophotometer. Activity units are expressed as j^mol of substrate transform ed per min, and specific activity as units per mg protein.
Analytical methods
Protein was measured according to a modified Lowry's procedure using bovine serum album in as standard [23] . Nitrite was estimated by the diazocoupling colorimetric assay of Snell and Snell [24] with formaldehyde to eliminate interferences caused by products of dithionite decom position [25] .
Sedimentation coefficient determination
Sedimentation coefficients were calculated from sucrose density gradient centrifugation of enzymes and standards [26] , Linear gradients of 5 -2 0 % (w/v) sucrose in 50 m M Tris-HCl buffer, pH 7.5, 0.1 m M DTE, 0.1 m M EDTA, and IO^im FAD were used. 0.2 ml samples containing the enzyme and/or the marker proteins were centrifuged at 45.000 r.p.m., 12 h, in a SW-56Ti rotor. 3-drops fractions were collected from the bottom of tubes and activ ities and proteins determ ined as indicated. Sedi mentation coefficients of standards used in calcula tions were those given by Brewer et al. [27] .
Electrophoresis
Analytical disc gel electrophoresis was perform ed as detailed previously [8] , according to Jovin et al. [28] . Proteins were located on the gels by staining with 1% Coomassie Brilliant Blue G-250 in 7% (v/v) acetic acid, 1 h. N itrate reductase activity was detected directly on the gels as described by Solomonson et al. [29] .
Results
Purification o f nitrate reductase o f mutant 305
All the attempts made to purify nitrate reductase of mutant 305 by affinity chrom atography with Details o f the procedure are given in Experimental. either Blue-Agarose or Blue-Sepharose in different conditions of buffer, pH and ionic strength were unsuccessful. By following the procedure described in Experimental the BVH-nitrate reductase was purified 90-fold (0.95 U /m g) (Table I) . FADH2-nitrate reductase paralleled always BVHnitrate reductase along all the purification steps and the ratio between the two activities rem ained con stant along the whole process. Purified preparations of nitrate reductase lacked N AD(P)H-cytochrom e c reductase activity.
Molecular weight determination o f nitrate reductase from 305 and wild strains
Both NADPH-and BVH-nitrate reductase activ ities from wild strain are associated with a protein 8.8 S, whereas BVH-nitrate reductase from mutant 305 has a S^o.w °f 7.6 S (Fig-0 -By consider ing Stokes radii values of 6.9 and 5.55 nm [7] , and assuming apparent specific volumes of 0.725 cm 3 • g-1 for both wild and m utant enzymes, molecular weights of 250.000 and 174.000, and frictional ratios of 1.66 and 1.51, indicative of non-spherical shapes, have been calculated [30] for 6145 c and 305 nitrate reductases, respectively. M olecular weights of 232.000 and 180.000, for native and m utant nitrate reductases, have been also calculated electrophoretically by using polyacrylamide gels containing 4.5, 5.5, 6.5 and 7.5% (w/v) acrylam ide [31] (Fig. 2) . From the above results, average molecular weights of 241.000 and 177.000 for the two enzymes are proposed. 
Optimum p H and donors and acceptors specificity
Terminal nitrate reductase o f both 6145 c and 305 exhibited maximal activity at pH 7.5, using either reduced flavins or viologens, with phosphate, Tris-HC1 or phosphate/borate buffers (Results not shown).
Both NADH and NADPH were equally effective as electron donors for nitrate reductase o f C. rein hardii 6145 c (Table II) . A ddition o f FAD stim u lated the activity o f this enzyme whereas reduced pyridine nucleotides with or w ithout FAD were in capable of nitrate reduction with the 305 m utant enzyme. Viologens and flavins chemically reduced with dithionite, but not dithionite alone, acted as electron donors with both native and m utant 305 nitrate reductases. A pparent K ms for several donors and acceptors o f enzymes from 6145c and 305 are presented in Table III . Values were very sim ilar for both enzymes but those for reduced viologens ( 2 -6 (iM) were markedly lower than for reduced flavins (1 8 0 -5 0 0 jjm).
Inhibitors
Both FM N H 2-nitrate reductases o f wild and mutant 305 strains were sim ilarly affected by low concentrations o f cyanide, azide and cyanate, whereas /?-HMB only inhibited partially even at concentrations as high as 2 mM (Table IV) . Sim ilar results were found using BVH as electron donor (Results not shown).
Thermic stability
Nitrate reductase activity levels from m utant 305 remained unaltered after storage at -20 °C, 3 months. The half-life of the activity was shortened with increasing incubation tem peratures (Table V) . After heating at 50 °C, 25 min, FA D H 2-nitrate reductase was almost undetectable whereas BVHnitrate reductase dropped only to 50% of its initial value. The terminal nitrate reductase of the complex Half-life was calculated from the slope o f In (a /a 0) vs. tim e linear plot, where a is the crude extracts activity measured after incubation at a fixed temperature for a determ ined time and öq the activity o f the corresponding control m ain tained at 0 °C for the same time.
from 6145 c behaved very sim ilarly in this respect (Results not shown).
Molybdenum and heme content
When cells from 6145c and 305, grown with ammonia, were transferred to nitrate m edia supple mented with increasing am ounts of tungstate (up to 500 nM), a progressive decline in the term inal nitrate reductase activity was observed (Results not shown).
The absorption spectrum o f purified 305 nitrate reductase exhibited a peak at 413 nm insensitive to the addition of either NADH or NADPH. Sodium dithionite shifted the Soret band to 424 nm and induced the appearance o f two new m axim a at 527 nm (ß) and 557 nm (a) indicative of a 6-type cytochrome (Fig. 3) . Preparations of 6145 c purified WAVELENGTH (nm) Table I ) was applied to a Bio-Gel HTP column and eluted as described in Experi mental. As indicated, BVH-nitrate reductase activity and absorbance at 413 nm were determined in each fraction.
by following the same method described for the 305 nitrate reductase showed identical spectral proper ties, except that the oxidized enzyme could be reduced by N A D(P)H (Results not shown). The cytochrome b551 is associated with the nitrate re ductase of 305 as deduced from the parallel elution pattern of activity and absorption at 413 nm of samples subjected to chrom atography on Bio-Gel HTP (Fig. 4) .
Discussion
N itrate reductase of m utant 305 of C. reinhardii, purified 90-fold, is unable to reduce with NAD(P)H either cytochrome c (diaphorase activity) or nitrate (total nitrate reductase activity), does not attach to Blue-Agarose or Blue-Sepharose and has an average molecular weight (177.000) lower than that o f the native complex (241.000) which indicates that the mutant enzyme lacks an essential protein portion probably enclosing the binding region for pyridine nucleotides. A markedly higher molecular weight (500.000) has been reported for the NAD H -nitrate reductase complex of C. reinhardii strain 1132 c, based on gel filtration data [1] . Likewise, the sedi mentation coefficient values found for nitrate re ductase of 6145 c (8.8 S) and m utant 305 (7.6 S) are lower than those reported by Sosa et al. [4] , 10 S and 8.3 S, respectively.
The close sim ilarities o f both terminal nitrate reductases from 6145c and 305 in electron donors and cofactors, K m s values, pH optim um and re sponse to inhibitors and heat treatm ent suggest that m utation has not affected the protein structure re sponsible for the terminal nitrate reductase activity. The lack of effect o f p-HMB on terminal nitrate reductase is indicative of the absence of functional -SH groups which, by contrast, play an essential role in the diaphorase activity of nitrate reductase [1, 19, 32, 33] . It is noteworthy that the effectiveness of the electron donors for nitrate reductase of wild type 6145 c is opposite to that of wild strain 1132 c previously described [1, 5] , since the 6145 c enzyme uses NADPH, FA D H 2 and BVH, over NADH, FM N H 2 and MVH which are utilized preferentially by 1132 c nitrate reductase.
The different stability of FA D H 2-and BVHnitrate reductase activities against heat treatm ent suggests that reduced flavin nucleotides and viologens donate their electrons at different points, distinguishable by their different thermosensitivity, of the nitrate reduction electron chain. A similar conclusion has been reached for the nit-3 enzyme of N. crassa [ 19] .
Molybdenum is an essential constituent of all known nitrate reductases and has been described as responsible, in form of a dialyzable cofactor, for both catalytic reduction of nitrate and assembling of subunits which integrate the nitrate reductase complex [7, 8, 3 3 -3 5 ] . The presence of molybdenum in C. reinhardii nitrate reductase had been dem on strated by using M o " and W 185 [2] , Tungsten in corporation inactivates terminal nitrate reductase of both 6145c and m utant 305 which indicates that molybdenum plays an essential role in catalytic activity [7] , In addition, an active dialyzable heatlabile molybdenum cofactor, shared by nitrate reductase and xanthine dehydrogenase, has been found in C. reinhardii [7, 8, 10] .
The presence of cytochrome b 551 has been re ported in all eukaryotic nitrate reductases described up to now [3, 33] . The purified nitrate reductase of 305 contains cytochrome 6557 as deduced from its spectral properties (peaks at 413 nm in oxidized enzyme and at 424, 527 and 557 nm in reduced enzyme), identical to those of the entire complex of 6145c [6] , and from the parallelism between cyto chrome b content and activity found during the last steps of enzyme purification. Very recently, the presence of cytochrome b^i in a purified protein with NAD(P)H-cytochrome c reductase activity considered as a true subunit of C. reinhardii nitrate reductase has been also found [6] . W hether or not, this cytochrome b plays a role in terminal activity remains to be ascertained.
Mutant nit-3 of N. crassa resembles markedly mutant 305 in enzymatic and physicochemical properties as well as in their metal constituents [19] , although the in vitro com plem entation system and the characteristics of reported mutant strains of N. crassa [12, 13, 36, 37] and C. reinhardii [ 6 -8 , 10] are notably different.
The presented results lead us to propose that 305 nitrate reductase contains residues of altered dia phorase subunits smaller than the native ones of molecular weight 44.500 [6, 7, 9 -11] . These altered subunits have a significant protein deletion prob ably located at the pyridine nucleotides binding region, retain to a certain extent the heme dom ain of cytochrome b 55i, and are able to assemble with terminal subunits to form a deficient complex which lacks the diaphorase activity and is endowed with terminal nitrate reductase activity indistin guishable from that o f C. reinhardii wild type. On the basis of the available biochemical data from different nitrate reductase m utants o f C. reinhardii [6] [7] [8] [9] [10] [11] , a heteropolymeric character has been attributed to the nitrate reductase complex o f this alga. The native enzyme would consist o f two kinds of subunits, separately responsible for N A D (P)Hcytochrome c reductase and term inal nitrate re ductase, assembled for full activity by a m olyb denum cofactor which besides is an integral part o f the terminal moiety [6 -8 , 10] . Thus, 305 nitrate reductase would be constituted by altered dia phorase subunits containing the heme dom ain and non-altered subunits of the other kind assembled by the molybdenum cofactor.
